Triggered Activity in Mice With Atrial Fibrosis known as "calcium transient triggered firing" (CTTF). This term is used to distinguish this EAD from the phase 2 and phase 3 EADs, which are used to describe EADs associated with APD prolongation, not shortening. 13 This novel mechanism of AF was discovered in preparations of canine right atrium (RA) during acetylcholine infusion (which shortens APD) with a long pause that enhances Ca 2+ transient. 6 Transforming growth factor β1 (TGF-β1) plays a central role in the development of fibrosis and electroanatomical remodeling of the atria. [14] [15] [16] Transgenic (Tx) mice with cardiacrestricted expression of a constitutively active form of TGF-β1 (MHC-TGFcys 33 ser mice) have increased atrial fibrosis 17 and significantly increased vulnerability to AF by rapid pacing. 18 However, it is unclear if fibrosis promotes spontaneous (nonpaced) AF, and whether or not CTTF is important in spontaneous AF in this model. Here we hypothesize that CTTF is an important mechanism of spontaneous AF initiation in TGF-β1 Tx atria. The purpose of the present study was to perform simultaneous membrane potential (Vm) and Cai mapping in isolated atria from TGF-β1 Tx and wild-type (Wt) mice during carbachol superfusion to test this hypothesis.
Methods
Detailed methods are included in the Supplemental File 1. We used 18 Tx 17 and 18 Wt mice for simultaneous optical mapping of Vm and Cai transient; 6 Tx and 6 Wt mice were used for the histological analyses; 6 Wt mice were used to determine the effects of extracellular Ca 2+ concentration on APD. An additional 5 Tx and 5 Wt mice were used to determine the Ca-handling protein expressions. Atria were isolated and superfused with Tyrode's solution containing 5 μmol/L of blebbistatin. We used 10 μmol/L blebbistatin in 6 experiments designed to test the effects of extracellular Ca 2+ concentration on APD. After staining with both a Ca-sensitive dye (Rhod-2) and a voltagesensitive dye (RH-237), the atria were illuminated with laser and optical signals acquired simultaneously with 2 cameras. Inducibility of atrial arrhythmias was tested with and without exposure to carbachol (carbamylcholine or CCH: 1-3 μmol/L, Sigma, St. Louis, MO, USA). Two series of 2-s electrical bursts of 20-40 ms pacing cycle length (PCL; burst pacing) were applied using an automated stimulator coupled with optical mapping acquisition software. 18 Ryanodine (3 μmol/L) and thapsigargin (1 μmol/L) were then added to the superfusate for 30 min and the same pacing protocol was repeated. AF is defined as tachycardia with irregular intervals on the pseudo-ECG because of multiple foci of activation, alternating foci of activation or the coexistence of multiple reentrant wavefronts.
Results
As compared with Wt atria, the atria of Tx mice were more white, consistent with increased fibrosis (Figure S1 ). There were significant differences in the electrophysiological characteristics and AF inducibility between the Wt and the Tx atria. Figure 1A shows wavefront propagation during atrial pacing in Wt and Tx atria (Figure 1A-a,b , respectively). Figure 1B summarizes the means for APD, Cai transient duration (CaiTD) and conduction velocity (CV) in Tx and Wt atria with and without carbachol treatment. Carbachol shortened APD80 by 24.7% in the Tx-RA (P<0.001), 36.0% in the Wt-RA (P=0.002), 24.9% in the Tx left atrium (LA) (P=0.016) and 37.9% in the Wt LA (P=0.011; Figure 1B-a) . However, CaiTD80 of the Tx Figure 1B -c). The lack of difference in APD between Tx and Wt atria, as well as the reduction of CV in Tx atria, is consistent with previous observations in MHC-TGFcys 33 ser atria. 18
Reduced Conduction Velocity in Tx Atria

Increased Vulnerability to Pacing-Induced AF in Tx Atria
AF was induced by burst pacing at 20-40 ms in 11 of 18 (61%) Tx atria at baseline (in the absence of carbachol), but not in Wt atria (0 of 18, P<0.001). However, AF inducibility during burst pacing in the presence of carbachol was not significantly different between Tx atria (100%) and Wt atria (72%, P>0.05), suggesting that APD shortening similarly facilitated AF induction in both genotypes. A total of 229 AF episodes (43 episodes in Tx atria without carbachol, 107 episodes in Tx atria with carbachol; 79 episodes in Wt atria with carbachol) were analyzed. The combined duration of AF in Tx atria was significantly increased after carbachol superfusion (from 7.4±4.2 s to 17.5±8.4 s, P<0.001). The AF duration after carbachol superfusion was longer in Tx atria than in Wt atria with carbachol exposure (17.5±8.4 s vs. 11.0±4.9 s, P=0.031), whereas AF episodes in Tx atria before carbachol exposure were of similar duration as in Wt atria with carbachol exposure (P>0.05). The PCLs to induce AF in the Tx atria were not significantly different before (26.4±4.1 ms) or during (24.5± 3.2 ms) carbachol superfusion.
EAD and Triggered Activity in Tx But Not Wt Atria
A major difference between Tx and Wt atria is the development of EAD and triggered activity during rapid pacing (70-150 ms). We performed rapid atrial pacing 142 times (80 times without carbachol and 62 times with carbachol) in Tx (7.9±4.5 times per atria) and 143 times (77 times without carbachol and 66 times with carbachol) in Wt atria (7.9±2.3 times per atria); 38 episodes of ectopic beats were documented during rapid pacing in 10 (56%) Tx atria (4 atria without carbachol, 3 atria with carbachol and 3 atria in both conditions). In contrast, no ectopic beats occurred in the Wt atria. The ectopic beats occurred with similar frequency with (22 episodes, or 28%) and without (16 episodes, or 25%, P>0.05) carbachol exposure. Among the 38 episodes of ectopic beats, dual optical mapping was successfully performed in 12 episodes in 6 Tx atria (5 episodes without carbachol and 7 episodes with carbachol). Most of the episodes (10/12, 83%) originated from the RA, and 17% (2/12) were from the LA. Figure 2A shows Vm (blue) and Cai (red) tracings recorded in a typical preparation at the site marked with a blue dot in Figure 2B -a. There was Cai alternans during rapid pacing (Figure 2A-a) . The first nondriven beat (Bc in Figure 2A tivity that occurred after >50% of repolarization of the preceding action potential. Figure 3 shows 6 additional examples of ectopic beats that occurred during prolonged Cai transients. These EADs occur because of a short APD and prolonged Cai transients. The take-off potential of triggered activity is mostly during the mid-to late phase 3.
AF Induced by Sustained Triggered Activity During Rapid Atrial Pacing in Tx But Not Wt Atria
Another unique finding of the Tx atria was the development of triggered activities and AF during rapid atrial pacing (70-150 ms). WT atria showed inducible AF by burst pacing with extremely short PCL (20-40 ms) under carbachol exposure, but there was no AF induced when paced at longer PCLs. In contrast, atrial pacing at 70-150 ms PCL induced 38 episodes of ectopic beats in Tx atria. Most (30 of 38) episodes of ectopic beats were non-sustained (<30 s). However, 7 (18.4%) episodes of AF induced by rapid atrial pacing persisted more than 30 s. Figure 4A shows a representative example (PCL 150 ms). The boxed regions (B,C) are enlarged and shown in Panels 4B and 4C, respectively. There were repetitive ectopic beats with an increasing rate of occurrence (Figures 4B,C) , leading to AF that was sustained for 1.0 s at the end of atrial pacing. After a 0.46 s pause, there was spontaneous recurrence of AF, which was sustained for 9.0 s. Membrane depolarization associated with ectopic activity on the ECG originated half-way during the repolarization of the preceding action potential, and were present both during pacing and at the onset of AF (Figure 4D) . Figure 4E -a is a schematic of the mapped preparation and 4E-b shows the paced wavefront. Two different foci were mapped in Figures 4E-c,d . The 2 nd , 4 th , and 11-17 th non-driven beats originated from the septum and the 3 rd and 5-10 th non-driven beats originated from the LA and initiated AF (Figure 4E-c) . Note that beat Ec originated from 50% of the repolarization, in the presence of a large Cai transient.
Spontaneous Re-Initiation of AF in Tx But Not Wt Atria
Spontaneous re-initiation of AF, which is AF episodes that occur spontaneously after the termination of pacing-induced AF, was recorded in 7 of 18 Tx atria and in none of the Wt atria. In 4 of the 7 Tx atria, the re-initiated AF was sustained for >2 s. We recorded a total of 109 AF re-initiation events in these 4 atria after 15 episodes of AF or atrial tachycardia (AT) termination; 10 of 15 AF or AT termination episodes were followed by multiple spontaneous AF re-initiations (range 2-59 events, 6.8±14.3 per atria). Most of the initial AF episodes (n=14, 93%) were induced by 2-s burst atrial pacing during carbachol exposure (PCL 23.0±3.5 ms, range 20-30 ms), and 1 episode in the absence of carbachol exposure after pacing at 150 ms PCL (Figure 4) . Most of the re-initiation events (n=13, 87%) were preceded by long episodes of AF (21.3±14.9 s, range 2.8-41.2 s), whereas 2 re-initiation events were preceded by short episodes of AF (0.9 and 1.1 s). The mean duration of re-initiated AF was 8.9±18.8 s (range 2-120 s). We were able to optically map 4 episodes of spontaneous AF re-initiation. All of the first and second beats of spontaneous AF originated (Panel C-b) . After a pause, the first beat (Cc, blue) originated from the junction of the right atrial appendage (RAA) and the right atrium (RA) posterior wall, and the second beat (Cd, green) was triggered from the same site in parallel with elevated diastolic Cai. Beats 3-27 (Ce, red) originated from the same repetitive activation site in the septal area (site 2), with 3:2 conduction into site 1. Afterwards, 2 competing activation wavefronts were present (Cf), resulting in beats 28-31. Triggered Activity in Mice With Atrial Fibrosis from the RA (4/4, 100%). Figure 5 shows the latter episode of spontaneous AF re-initiation. Figure 5A shows the pseudo-ECG, and Figure 5B shows the optical signals at the earliest site of AF re-initiation. Figure 5C- (Figure 5C-c,d) . Figures 5C-e,f shows the patterns of activation of the beats labeled Ce and Cf, respectively, in Figure 5B . This episode was deemed to be AF because of the irregularities of activation on the pseudo-ECG and because more than 1 activation wavefront was present.
Effects of Ryanodine and Thapsigargin on Spontaneous Re-Initiation of AF
AF inducibility was not completely inhibited by ryanodine or thapsigargin; 6 of 7 (86%) Tx atria and 4 of 7 (57%) of Wt atria showed inducible AF by burst atrial pacing under carbachol, ryanodine or thapsigargin exposure. The duration of AF induced under carbachol, ryanodine and thapsigargin was significantly shorter than that with carbachol alone (22.5±9.9 vs. 8.8±3.4 s, P=0.037). The PCL to induce AF in Tx atria was not significantly different during carbachol and after ryanodine and thapsigargin superfusion (23.6±4.4 vs. 23.2±3.7 ms). However, ryanodine and thapsigargin effectively prevented all spontaneous AF re-initiation in Tx atria (Figure 6 ). There was no inducible AF in Wt atria without carbachol (Figure 6A) . The Wt atria did not have spontaneous AF initiation (Figure 6C ) despite a short APD and a large and persistent Cai transient during late phases 3 and 4 after carbachol exposure (Figures 6B,D) . Without CCH, most of the Tx atria did not have spontaneous AF re-initiation ( Figure 6E) . Importantly, the difference between CaiTD and APD in the Wt vs. Tx atria was small (Figure 6F) . Multiple episodes of recurrent AF occurred in a Tx atria during carbachol superfusion (Figure 6G) , accompanied by short APD and large Cai transient (Figure 6H) . Ryanodine and thapsigargin prevented the re-initiation of AF (Figure 6I) . The CaiTD was 48.0±15.4% shorter than at baseline. The amplitude of Cai was significantly decreased, leading to a reduced signal to noise ratio of Cai transient (Figure 6J) . The abbreviated CaiTD and the reduced Cai amplitude prevented the persistent Cai elevation during phase 3 or 4 of the action potential.
Reentrant Wavefronts During AF in Tx and Wt Atria
We successfully mapped a total of 55 episodes of AF in 12 Tx atria both with (n=40) and without (n=15) carbachol infusion; 47 episodes of AF were mapped in 10 Wt atria during carbachol exposure. Among the mapped AF episodes in the Wt mice, 22 (47%) episodes were characterized by typical reen- Figure 7A shows a representative AF episode induced directly by 2-s burst atrial pacing (PCL 22 ms) in Tx atria. Figure 7B shows the activation sequence of a reentrant wavefront in the RA. Figure 7C -a is a schematic of the preparation showing the pectinate muscle. In a cumulative phase-singularity map (Figure 7C-b) , the highest density of phase singularities (indicated by white signal) occurred around the junction of right atrial appendage (RAA) and RA, where the pectinate muscular structures are located. Consistent with a previous report in the canine RA, 19 the location of the phase singularity superimposed with the pectinate muscle. In addition to a dominant rotor in the RA, there were also phase singularities in the septum and LA. Typical large reentrant wavefronts, such as the ones shown in Figure 7C , were also present in 34 of 55 episodes of AF mapped in the Tx atria. Among them, 19 occurred with and 15 occurred without carbachol exposure.
Western Blot Analyses
There were no differences in calsequestrin or sarco/endoplasmic reticulum Ca 2+ -ATPase 2a expression between Tx and Wt in either the atria or the ventricles (Figure S6 ). ference between Tx and Wt atria is that the Tx atria are prone to EAD, triggered activity and spontaneous AF during carbachol infusion. In contrast, reentrant activities may be induced in both types of atria by burst pacing. Inhibition of sarcoplasmic reticulum function by ryanodine and thapsigargin effectively suppressed spontaneous AF recurrence but not the initial induction of AF. These findings support the conclusion that EADs play an important role in spontaneous AF in TGF-β1 Tx atria when APD is abbreviated by cholinergic stimulation.
Discussion
Mechanisms of Afterdepolarization and Triggered Activity
It is postulated that rapid pacing, sympathetic stimulation and long pauses facilitate a large release of Ca 2+ from the sarcoplasmic reticulum. If the APD is shortened by acetylcholine infusion or vagal stimulation, then INCX may be activated, leading to EAD and triggered activity originating from the late or mid-phase 3 of the action potential. 6, 7, 11, 12 This phenomenon is also known as CTTF. 7, 20 In the present study, we showed that Cai transient was unchanged while APD is significantly abbreviated in both Wt and Tx mice in the presence of CCH. Although CCH induced similar shortening of APD and no change of CaiTD in Tx and Wt mice, spontaneous recurrence of AF occurred only in Tx mice. These findings suggest that reduced CV and cell-to-cell coupling in TGF-β1 Tx atria play important roles in the induction of afterdepolarization and triggered activity in Tx mice.
Importance of Fibrosis in Afterdepolarization and Triggered Activity
A plausible explanation for the increased arrhythmogenesis in Tx mice is the electrotonic inhibition of pacemaking cells by non-pacemaking cells. Wilders et al 21 used computer simulation to study the importance of intercellular coupling conductance (Gc) on arrhythmogenesis and found that at high Gc, automaticity is suppressed by the loading effects of the surrounding cells. At intermediate Gc, the ectopic activity may propagate into the surrounding structure. Increased fibrosis might reduce Gc among myocytes and facilitate the development of triggered activity. In agreement with a previous study, 22 fibrosis is more severe in the RA than in the LA of MHC-TGFcys 33 ser mice. In addition, we demonstrated that most of the triggered activities and all of the first and second beats after spontaneous AF re-initiation originated from the RA. These findings indicate that the severity of fibrosis is important in the initiation of AF. TGF-β1 is also a potent trigger of myofibroblast activation. 23 Myofibroblasts are known to form heterocellular gap junctions with cardiomyocytes 24 and promote arrhythmogenesis by altering CV and promoting reentry of cultured cells in vitro. 25 Indeed, decreased conduction velocity was observed in the Tx atria via optical mapping or multi-electrode array recordings. 18 However, whether or not effective myofibroblast-myocyte coupling occurs in intact atria remains unclear.
Variations of APD in Isolated Mouse Atrial Preparations
The APD values in Wt mice have varied considerably in different studies. Nygren et al 26 reported APD70 of 14-15 ms and Chelu et al 27 reported APD80 of 24±1 ms in superfused Wt mouse atria using superfused atrial preparations. Bagwe et al reported APD70 of 20.7±5.7 ms and APD90 of 34±11 ms in a Langendorff-perfused preparation. 28 The APD distribution in mouse atria is highly heterogeneous, with the RA having a longer APD than the LA. 26 Multiple mechanisms could contribute to the variations of APD, including superfusion vs. perfusion, pacing rate, APD measurements to 70%, 80% or 90% of repolarization, effects of optical dyes and electromechanical uncoupler, and serum electrolyte concentrations. In the Supplemental File 1, we report that the APD80 measured in 1.8 mmol/L of Ca 2+ is much longer than that measured in 0.9 mmol/L Ca 2+ , consistent with the fact that single L-type Ca 2+ channel conductance increases steeply over the range of 0.9-1.8 mmol/L in rodents. 29 In addition, because of the limitation of oxygen perfusion, the center of superfused atrial tissues is most likely ischemic. The ischemic cells may have IKATP activation, which through electrotonic coupling could shorten the APD of the non-ischemic cells on the surface. The APD measured with optical mapping techniques in superfused tissues is therefore shorter than that measured with glass microelectrodes, which usually sample from the top layer of wellperfused cells. In the present study, it is likely that the use of 0.9 mmol/L of Ca 2+ , carbachol infusion and superfused preparations all contributed to the short APD and the development of CTTF. However, because recurrent AF occurred only in the Tx atria and not the Wt atria under the same experimental conditions, the results support the hypothesis that fibrosis contributes to the development of CTTF and spontaneous AF.
Study Limitations
TGF-β1 has many downstream signaling targets that may also contribute to the arrhythmogenesis in this model. We proposed that focal discharges are consistent with activation originated by triggered activity. However, as shown in Figure S3 , the thickness of the atrial wall is probably insufficient to accommodate a persistent transmural reentrant wavefront. It is unlikely that these focal discharges were wavefronts initiated by epicardial breakthrough of a transmural rotor. Finally, the mouse atria have abundant apamin-sensitive K currents (IKAS), 30 which may be activated and shorten the APD during rapid pacing. However, we do not know if there is differential expression of IKAS in Tx and Wt atria to explain the increased incidence of spontaneous AF in Tx atria.
Conclusions
TGF-β1 overexpression was accompanied by increased atrial fibrosis, vulnerability to EADs, triggered activity and spontaneous recurrence of AF. Pharmacological inhibition of sarcoplasmic reticulum Ca 2+ release effectively suppressed spontaneous AF recurrence. Our results support a role of Ca 2+ -dependent triggered activity in spontaneous AF recurrence in the atria of mice with TGF-β1 overexpression. 
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